A major portion of insulin-mediated glucose uptake occurs via the translocation of GLUT 4 glucose transporter proteins from an intracellular depot to the plasma membrane. We have examined gene expression for the GLUT 4 transporter isoform in subcutaneous adipocytes, a classic insulin target cell, to better understand molecular mechanisms causing insulin resistance in non-insulin-dependent diabetes mellitus (NIDDM) and obe-of encoding mRNA over a wide range of body weight. In NIDDM, more profound insulin resistance is caused by a further reduction in GLUT 4 mRNA and protein than is attributable to obesity per se. Suppression of GLUT 4 mRNA is observed in patients with impaired glucose tolerance, and therefore, may occur early in the evolution of diabetes. Thus, pretranslational suppression of GLUT 4 transporter gene expression may be an important mechanism that produces and maintains cellular insulin resistance in NIDDM. (J. Clin. In-
sity. In subgroups of lean (body mass index [BMII = 24±1) and obese (BMI = 32±2) controls and in obese NIDDM (BMI = 35±2) patients, the number of GLUT 4 glucose transporters was measured in total postnuclear and subcellular membrane fractions using specific antibodies on Western blots. Relative to lean controls, the cellular content of GLUT 4 was decreased 40% in obesity and 85% in NIDDM in total cellular membranes. In obesity, cellular depletion of GLUT 4 primarily involved low density microsomes (LDM), leaving fewer transporters available for insulin-mediated recruitment to the plasma membrane (PM). In NIDDM, loss of GLUT 4 was profound in all membrane subfractions, PM, LDM, as well as high density microsomes. These observations corresponded with decrements in maximally stimulated glucose transport rates in intact cells. To assess mechanisms responsible for depletion of GLUT 4, we quantitated levels of mRNA specifically hybridizing with human GLUT 4 cDNA on Northern blots. In obesity, GLUT 4 mRNA was decreased 36% compared with lean controls, and the level was well correlated (r = +0.77) with the cellular content of GLUT 4 protein over a wide spectrum of body weight. GLUT 4 mRNA in adipocytes from NIDDM patients was profoundly reduced by 86% compared with lean controls and by 78% relative to their weight-matched nondiabetic counterparts (whether expressed per RNA, per cell, or for the amount of CHO-B mRNA). Interestingly, GLUT 4 mRNA levels in patients with impaired glucose tolerance (BMI = 34±4) were decreased to the same level as in overt NIDDM.
We conclude that, in obesity, insulin resistance in adipocytes is due to depletion of GLUT 4 glucose transporters, and that the cellular content of GLUT 4 is determined by the level Introduction Insulin resistance is a major metabolic abnormality causing hyperglycemia in patients with type II non-insulin-dependent diabetes mellitus (NIDDM),' and is primarily due to defects in target tissue that lie distal to insulin binding in the insulin action pathway (1, 2) . Investigators have used isolated adipocytes (3, 4) and muscle explants (5) to study insulin action at the cellular level, and have demonstrated impaired stimulation of the glucose transport system in these patients. In adipocytes, decreased basal and insulin-stimulated glucose transport rates found in vitro correlated well with the in vivo expression ofthe post-binding defect (6) , which suggested that an important cellular abnormality in NIDDM lies intrinsic to the glucose transport effector system.
Insulin activates glucose transport in rat (7, 8) and human adipocytes (9, 10) via a rapid and reversible recruitment of glucose transport proteins from a large intracellular pool to the plasma membrane. In studies to determine the biochemical basis ofinsulin resistance, we previously demonstrated reduced cellular numbers of glucose transporters in NIDDM and obesity (10) . In these studies, we used the cytochalasin B binding assay to quantitate glucose transporters in adipocyte membrane subfractions; this chemical affinity assay measures all facilitative glucose transporters and does not discriminate between individual transporter isoforms.
It has recently become clear that a family of glucose transporter genes exists with variable tissue-specific expression (see reference 11 for review). GLUT 1 transporters (12) (13) (14) are present at the cell surface ofbasal adipocytes, and become enriched less than or equal to twofold in the plasma membrane following acute insulin stimulation and recruitment ofGLUT 1 from the cell interior. This does not fully account for insulin's ability to stimulate glucose transport rates -5-fold above basal in human adipocytes and by more than 10-fold in rat adipocytes. Also, GLUT 1 transporters are expressed at low levels in skeletal muscle, which is the most important tissue for insulin-mediated glucose disposal in vivo (15) . For these reasons, the GLUT 1 isoform is not likely to mediate the major portion of insulin-stimulated glucose transport activity. GLUT 2 (16, 17) expression is restricted to liver, kidney, and pancreatic ,3 cells whereas GLUT 3 (18) is found ubiquitously in placenta, brain, kidney, and other tissues; however, neither of these latter isoforms is highly expressed in classic insulin target tissues (i.e., muscle and fat). More recently, GLUT 4 transporters have been cloned from both muscle (19, 20) and adipocyte (21, 22) cDNA libraries. This novel transporter isoform is expressed exclusively in fat and striated muscle, and the protein increases -10-fold in rat adipocyte plasma membranes after acute insulin stimulation. Thus, GLUT 4 has characteristics of an "insulin-responsive" transporter that appears to predominate in facilitating insulin-mediated glucose uptake. We (23) and others (24) (25) (26) have shown that pretranslational suppression of GLUT 4 (but not GLUT 1) transporters in fat and muscle tissue causes insulin resistance in streptozotocin-treated diabetic rats. However, the role of individual glucose transporter isoforms in human disease, and which species account for cellular depletion of transporter proteins in NIDDM and obesity, have not been elucidated.
In human adipocytes, GLUT 4 is the predominant facilitative glucose transporter isoform, and appears to mediate the major portion of insulin-mediated glucose uptake (27). Therefore, in the current studies, we assessed GLUT 4 glucose transporter gene expression in adipocytes from subjects with NIDDM, impaired glucose tolerance (IGT), and obesity. We found that depletion of GLUT 4 transporters and suppression of encoding mRNA constitute a key biochemical mechanism of cellular insulin resistance in these patients.
Methods
Subjects. The clinical characteristics of the study groups are listed in Table I . The control groups consisted of 11 healthy lean subjects all of whom had a body mass index (BMI = weight (kg)/height [m2]) of < 27, and 11 healthy obese subjects with BMI ranging from 28.6 to 42.0. All lean and obese control subjects had normal fasting glucose levels, and the obese individuals were hyperinsulinemic. All obese controls had normal oral glucose tolerance tests (data not shown) by National Diabetes Data Group (28) criteria. We also studied 11 overtly hyperglycemic patients with type II NIDDM, and 4 subjects who were classified as having (IGT) by oral glucose tolerance testing (28). Both these latter subgroups were characterized by basal hyperinsulinemia relative to lean controls (P < 0.05), and the mean fasting serum insulin level in subjects with IGT was higher than that in the NIDDM or obese control subgroups (P < 0.2). The obese control, NIDDM, and IGT subgroups were well matched for the degree ofadiposity; the mean BMI was similar in these three groups (P = NS) and increased over that in lean controls (P < 0.01), and the mean adipocyte volume was similar in the obese control and NIDDM subgroups (P = NS).
The mean (±SE) duration ofdisease was 4.2±1.3 yr in the NIDDM subgroup, including four patients with newly diagnosed diabetes who had developed hyperglycemic symptoms within 6 mo of study. Of the seven previously diagnosed patients, one was currently being treated with diet alone, and six with insulin. Before the study, however, all diabetic patients were withdrawn from therapy for at least 3 wk and followed on an outpatient basis. All subjects studied were chemically euthyroid, and without renal, hepatic, or cardiac disease. No subject was ingesting pharmacologic agents known to affect carbohydrate homeostasis. Protocol. After giving informed consent, all subjects were hospitalized on a metabolic ward where they remained active. The subjects were allowed to equilibrate on a weight-maintenance diet (28-32 kcal/ kg/day), consisting of 50% carbohydrate, 35% fat, and 15% protein for 2 d. Standard 75-g oral glucose tolerance tests were then performed. On the next morning, following an overnight fast, 14-45 g ofsubcutaneous adipose tissue was obtained by open biopsy ofthe lower abdominal wall (10) . Isolated adipocytes were prepared from each subject by collagenase digestion and glucose transport assays were performed on a small aliquot ofthese cells. The majority ofadipocytes were homogenized for preparation of subcellular membrane fractions and/or disrupted in a guanidinium isothiocyanate solution for extraction of total RNA. Preparation of adipocytes and glucose transport assays. Adipose tissue was placed immediately into Krebs-Ringer phosphate buffer, pH 7.4, containing 10 mM Hepes, 2.5 mM NaH2PO4,4% BSA (fraction V; Boehringer Mannheim Biochemicals, Indianapolis, IN), and 5 mM D-glucose. The specimens were brought quickly to the laboratory, trimmed ofconnective tissue, and weighed. The tissue was minced with fine scissors and isolated adipocytes were obtained by gently shaking the tissue in polypropylene containers at 37°C for 1 h in the same buffer (0.5 g/ml) containing 1 mg/ml collagenase (CooperBiomedical Inc., Freehold, NJ), as previously described (10) . The adipocytes were then filtered and washed in the Krebs-Ringer phosphate buffer without glucose and collagenase (37°C), and a small aliquot was removed for immediate cell sizing, counting, and glucose transport assays.
In each subject, the adipocyte diameter of 200 cells was measured using a cell-counting chamber and eyepiece micrometer, and the mean value was used to calculate adipocyte volume, assuming that the cells were spherical. Adipocyte counts were performed according to a modification of method III of Hirsch and Gallian (29), as previously described (30) . To measure basal and maximally-stimulated glucose transport rates, cells were incubated in the absence and presence of 100 ng/ml insulin for 45 min at 37°C. Initial rates of 3-0-methylglucose uptake were then assayed by a modification of the method of Whitesell and Gliemann (31) as previously described by Foley et al. (32) . In each experiment, glucose transport at each point was the mean ofquadruplicate determinations, and the distribution space for radiolabeled 3-0methylglucose in the presence of 0.3 mM phloretin was used to correct GLUT 4 Transporter Gene Expression in Non-Insulin-dependent Diabetes Mellitus 1073 for nonspecific carryover of radioactivity with cells and the uptake of hexose by simple diffusion.
Analysis ofGLUT4 glucose transporterprotein. Isolated adipocytes were homogenized at 1 7°C in a pH 7.4 buffer containing 20 mM Tris-HCI, 255 mM sucrose, 1 mM EDTA, and protease inhibitors including 5 jig/ml leupeptin, 5 jig/ml pepstatin, and 5 jig/ml aprotinin in a glass homogenizer with a teflon pestle (Arthur H. Thomas Co., Philadelphia, PA). In each subject, a portion of the cell homogenate was used to prepare a postnuclear membrane fraction. The homogenate was first centrifuged at 1,000 g for 10 min at 0-2°C. The postnuclear supernatant was separated from the pellet and fat cake, and then centrifuged at 388,000 g for 90 min at 4°C. The resulting pellet was resuspended in the Tris/sucrose/EDTA buffer (1.5-3.5 mg protein/ml) and comprised the total cellular membrane fraction.
To study the cellular distribution of glucose transporters, plasma membrane (PM), and low-density microsomal (LDM) and high density microsomal (HDM) membrane subfractions were also prepared from adipocytes using a modification ofthe differential ultracentrifugation method of McKeel and Jarrett (33) . First, equal portions of cells from each subject were incubated (37°C) in the absence and presence of 100 ng/ml insulin for 45 min. The adipocytes were then homogenized, and membrane subfractions were obtained from both basal and maximally insulin-stimulated cells (4°C). The techniques for subfractionation have previously been described in detail (10) . Plasma membranes and both microsomal pellets were resuspended in the Tris/sucrose/EDTA buffer (1-3 mg protein/ml) and stored frozen at -70°C. In the homogenate and membrane fractions, we measured organelle marker enzyme activities including 5'-nucleotidase using the method of Avruch and Wallach (34), uridine 5'-diphosphate-galactose/N-acetylglucosamine galactosyl-transferase using the method of Fleisher (35) , and rotenone-insensitive NADH-cytochrome c reductase according to Dallner et al. (36) .
For immunoblot analyses, membrane proteins (75 ,ug) were solubilized in Laemmli sample buffer (37) and resolved by SDS-PAGE on 1.5-mm slab gels containing 10% polyacrylamide. The proteins were then electrophoretically transferred to nitrocellulose filters (38) . Immunologic detection ofGLUT 4 glucose transporters was accomplished as previously described (23) . Nitrocellulose filters (Western blots) were incubated with affinity-purified rabbit antiserum (1:100 dilution) specific for the COOH-terminal segment (44 amino acids) ofthe GLUT 4 transporter cloned from rat skeletal muscle (19) , followed by '251-protein A. GLUT 4 transporters were quantitated using autoradiography and scanning densitometry. Analysis ofGLUT4 glucose transporter mRNA. Isolated adipocytes were washed in sterile PBS and total cellular RNA was prepared by guanidinium isothiocyanate (4 M) disruption and centrifugation through 5.7 M cesium chloride (39) . After extractions with ethanol, the RNA was dissolved in sterile H20, and quantity and purity were assessed by absorbance at 260 and 280 nm. For Northern blot analysis, 20 ug total RNA was denatured in 6% formaldehyde and size-fractionated by electrophoresis on 1% agarose gels (40 mM sodium citrate, pH 7) at 42°C. The membranes were then washed in 0.2% SDS and 0.1 x SSC at 52°C, and exposed to Kodak XAR S film at -70°C with a Cronex (DuPont Co., Wilmington, DE) intensifying screen. Under these hybridization conditions, the GLUT 4 cDNA binds specifically to its complementary mRNA, and not to mRNAs encoding other members ofthe GLUT gene family (23) . Quantitation was performed by scanning densitometry ofthe autoradiograms using a laser densitometer. Other assays and statistics. Plasma glucose was measured by the glucose oxidase method using a glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). Serum insulin levels were measured by radioimmunoassay according to Desbuquois and Aurbach (44) . Serum free-insulin levels were measured in diabetic subjects previously treated with insulin as described by Kuzuya et al. (45) . Protein was measured by the Coomassie Brilliant Blue method described by Bradford (46) using crystalline BSA as the standard (Bio-Rad protein assay; Bio-Rad Laboratories, Richmond, CA). DNA was quantitated using a spectrofluorometric assay (47) . Means are given as means±SE and statistical significance was determined using one-way analysis of variance followed by a Fisher protected least significant difference test for pairwise differences. The means and statistical significance reported are based on the untransformed data for ease ofinterpretation, and are consistent with results obtained from analyses of the data using appropriate variance stabilizing transformations (48) .
Results
Glucose transport activity. In control and NIDDM subjects, we assessed glucose transport activity in vitro using a classic insulin target tissue. Basal and maximally insulin-stimulated rates of 3-O-methylglucose transport were measured in intact adipocytes isolated from lower abdominal wall biopsy specimens in each patient, and mean values for each subject group are shown in Fig. 1 . When compared with lean controls, the basal glucose transport rate per cell was unaltered by obesity and NIDDM (P = NS); while basal transport tended to be decreased in NIDDM, the difference was not statistically significant. In contrast, the maximally stimulated glucose transport rate was decreased by 28% in obese subjects (P = 0.05) and by 56% in NIDDM (P < 0.02). Insulin resistance was more profound in NIDDM; maximal glucose transport rates were 39% less in diabetic subjects compared with the obese control subgroup, and the fold increment over basal was 4.1 in obese and 3.1 in diabetic subjects compared with a value of 5.2 in lean controls. These alterations in glucose transport activity are generally consistent with previously reported results (3, 4, 9, 10) .
Cellular content ofGLUT4 glucose transporter protein. We then tested the hypothesis that the decrements in maximally stimulated glucose transport rates were due to decreased expression of the GLUT 4 glucose transporter gene. To test for cellular depletion ofGLUT 4 transporter protein, we measured the total number of these carriers in postnuclear membrane fractions using antibodies specific for the COOH-terminal portion of GLUT 4 (19) . In each patient, total membrane protein was size-fractionated by polyacrylamide gel electrophoresis, immobilized on nitrocellulose, and reacted with anti-GLUT 4 antibodies followed by 125I-protein A; Fig. 2 represents a typical autoradiogram. In all subjects, GLUT 4 migrated as a -45 kD protein ( Fig. 2 A) . After demonstrating that the intensity ofthe signal was linearly correlated to the amount of membrane protein loaded on the gel (Fig. 2 B) , we quantitated GLUT 4 in total membrane fractions by densitometry. The mean values in each subgroup are shown in Fig. 3 . Obesity led to a 40% reduction (P < 0.03) in transporter proteins, and there was even a more marked depletion of 85% (P < 0.01) in NIDDM when expressed per milligram of membrane protein (Fig. 2 A) . Using measurements of total membrane protein per cell (2.6±1.3 ng in lean, 3 groups; P = NS), the relative number of GLUT 4 proteins was also normalized per cell in each subject, and the mean data are shown in Fig. 3 B. Thus, the cellular content of GLUT 4 proteins was decreased 42% in obesity (P < 0.05) and 80% in NIDDM (P < 0.01) compared with lean controls. Immunoblot analysis was performed in one patient with IGT ( Fig. 2 A) who was found to have depleted cellular numbers ofGLUT 4 transporters in the range of patients with overt diabetes.
Cellular abundance ofGLUT 4 glucose transporter mRNA.
Cellular depletion of GLUT 4 transporters could arise from decreased expression of the encoding mRNA. To test for this possibility, total RNA was prepared from adipocytes isolated from each subject, size-fractionated by agarose gel electrophoresis, and analyzed on RNA blots under conditions for high stringency hybridization with 32P-labeled cDNAs encoding GLUT 4 and structural protein CHO-B. As can be seen in Fig. 4 , the GLUT 4 cDNA hybridized with a single 3.3-kb mRNA species in both lean and obese controls. GLUT 4 mRNA was detected at low levels in patients with NIDDM and IGT, and is barely discernable in Fig. 4 . However, with prolonged exposure, autoradiograms similarly revealed that the size of GLUT 4 mRNA is 3.3 kb in the glucose-intolerant patients (data not shown).
To better assess the cellular abundance ofGLUT 4 mRNA, experiments similar to that depicted in Fig. 4 were performed in multiple subjects within each subgroup, and mRNA was quantitated by densitometric analyses of the autoradiograms. The mean data are shown in Fig. 5 , and are expressed in relative units with the mean measurement in lean controls assigned a value of one. In a manner analogous to changes in GLUT 4 protein, the amount of GLUT 4 mRNA was decreased 36% (P < 0.01) in obese subjects relative to lean controls, and even more profoundly by 86% (P < 0.01) in NIDDM, when data were normalized per equal amounts of RNA ( Fig. 5  A) . Normalization of GLUT 4 mRNA relative to total RNA would not indicate the number oftranscripts per cell ifdiabetes or obesity affected the amount of RNA in adipocytes (23) . In our experiments, the amount of RNA recovered per cell was 4.5±0.7, 4.1±0.6, and 5.8±1.8 pg in lean, obese, and diabetic subgroups, respectively (P = NS). These data were used to calculate the amount of GLUT 4 mRNA per cell in each subject ( Fig. 5 B) ; normalizing the data in this way did not substantially alter the relative mean levels of GLUT 4 mRNA among the Figure 5 . Effects of diabetes mellitus and obesity on amounts of GLUT 4 glucose transporter mRNA in human adipocytes. RNA was prepared from adipocytes isolated from lean and obese controls and subjects with NIDDM and IGT, and then analyzed on Northern blots as described for Fig. 4 subject groups. To further examine the specificity of GLUT 4 mRNA regulation, we also measured cellular levels ofan unrelated mRNA species encoding CHO-B. In both diabetic and nondiabetic subgroups, the level of adipocyte CHO-B mRNA was decreased -40% compared with lean controls. When cellular levels ofGLUT 4 mRNA were expressed relative to CHO-B mRNA (Fig. 5 C) , we found that the value for GLUT 4 mRNA was similar in lean and obese controls (P = NS) and diminished 67% (P < 0.01) in NIDDM. We performed similar analyses in four patients with IGT with mean BMI equal to that in the obese control and NIDDM subgroups (Fig. 5) . Interestingly, the level of GLUT 4 mRNA in IGT was similar to that in patients with overt NIDDM (P = NS), and decreased relative to the lean and obese control subgroups (P < 0.01), whether expressed per total RNA, per cell, or for the amount of CHO-B mRNA. Fig. 6 shows the correlation between the levels of GLUT 4 mRNA and the encoded protein in adipocytes from individual subjects. There was a statistically significant correlation (P < 0.02) between these two parameters in nondiabetic control 1076 Garvey, Maianu, Huecksteadt, Birnbaum, Molina, and Ciaraldi . In each subject, GLUT 4 transporter protein was quantitated by Western blot analysis as described for Fig. 3 , and the encoding mRNA normalized to total RNA was measured on Northern blots as described for Fig. 5 . Linear regression of the discrete data is shown for control subjects only.
subjects over a wide range of BMI (r = +0.77). In contrast, data points in NIDDM patients were clustered in the low range of GLUT 4 mRNA and protein measurements and the values were not significantly correlated (P = NS). Figure 8 . Effects of NIDDM and obesity on GLUT 4 glucose transporters in adipocyte membrane subfractions. Adipocytes were isolated from lean, obese, and NIDDM subjects, incubated in the absence and presence of insulin (100 ng/ml), and subjected to differential ultracentrifugation for preparation of PM and LDM subfractions. Membrane proteins were subjected to immunoblot analysis using antibodies specific for GLUT 4 as described for Fig. 7 , and GLUT 4 was quantitated using autoradiography and densitometry. The data represent the mean±SE of n = 8 in lean controls, n = 6 in obese controls, and n = 7 in NIDDM. transporters in the HDM subfraction of adipocytes. Adipocytes were isolated from lean, obese, and NIDDM subjects, incubated in the absence and presence of insulin (100 ng/ml), and subjected to differential ultracentrifugation for preparation of HDM. Membrane proteins were subjected to immunoblot analysis using antibodies specific for GLUT 4 as described for Fig. 7 , and GLUT 4 was quantitated using autoradiography and densitometry. Each bar represents the mean±SE of measurements in four subjects.
Among these individuals (Fig. 7) , there were obvious quantitative differences in GLUT 4 within each of the membrane subfractions. Therefore, additional subjects were studied, and the mean data for all subgroups are shown in Fig. 8 . In basal cells, PM GLUT 4 transporters (per milligram protein) were unchanged (P = NS) in obesity but were reduced 78% in NIDDM (P < 0.01) when compared with lean controls. In LDM, however, obesity per se was associated with a 50% reduction in GLUT 4 (P < 0.05), and NIDDM led to an even more profound decrement of 82% compared with lean controls (P < 0.01). When the equally overweight NIDDM and obese control subgroups were directly compared, LDM GLUT 4 transporters were decreased by 65% in NIDDM (P < 0.01). In maximally insulin-stimulated cells, PM GLUT 4 transporters were decreased by 26% in obesity (P = NS) and by 87% in NIDDM (P < 0.01), and LDM transporters decreased by 53% in obesity (P < 0.05) and by 83% in NIDDM (P < 0.01), when compared with lean controls. Again, when the obese subgroups were directly compared, NIDDM patients had fewer GLUT 4 in both PM (82%) and LDM (64%) relative to their nondiabetic counterparts (P < 0.05). The fold-increase over basal in PM GLUT 4 as a result of acute insulin stimulation was 2.0 in lean, 1.4 in obese, and 1.1 in NIDDM subjects.
We also assessed numbers of GLUT 4 transporters in HDM, and the mean data are shown in Fig. 9 . It was evident in all subject groups that insulin stimulation did not alter HDM GLUT 4 content (P = NS), indicating that this cellular compartment does not contain a translocating pool of GLUT 4 in human adipocytes. However, GLUT 4 transporters were reduced in HDM in both obese and NIDDM subgroups; when relative values from basal and insulin-stimulated cells were con-sidered together, GLUT 4 were decreased by 34% in obesity and 78% in NIDDM compared with lean controls (P < 0.05).
Major changes in the fractionation of cells and recovery of membrane protein could affect the relative numbers ofGLUT 4 transporters among the subject groups. Therefore, we measured marker enzyme activities in the cell homogenate and in each of the membrane subfractions, including 5'-nucleotidase (34) as a marker for PM, galactosyl-transferase (35) for LDM, and rotenone-insensitive cytochrome c reductase (36) for HDM. The data are shown in Table II . Because insulin had no effect on the recovery or specific activities of these enzymes, measurements in basal and insulin-stimulated cells were averaged to obtain values in individual subjects. When each membrane subfraction was compared among the subject groups, all marker enzymes had comparable activities per milligram protein, except that the homogenate and membrane fractions from NIDDM patients had higher 5'-nucleotidase activity as has been previously reported (10) . However, the degrees to which 5'-nucleotidase and the other marker enzymes were enriched (over homogenate) in each of the membrane subfractions was comparable among the subject groups. Also, the de- Membrane subfractions were prepared from isolated adipocytes by differential ultracentrifugation. Marker enzyme activities were measured and normalized to milligrams of membrane protein; including 5'-nucleotidase (34) as a marker for PM, galactosyl-transferase (35) as a marker for the Golgi apparatus enriched in LDM, and rotenone-insensitive cytochrome c reductase (36) to mark endoplasmic reticulum enriched in DM. Specific marker enzyme activities were determined in duplicate from membrane fractions prepared from basal and insulin-stimulated cells, but these results were averaged since insulin did not alter enzymatic activities or recoveries. Absolute specific activities are shown for the homogenates, and fold-increase over the value in homogenate is shown for each of the subfractions. The data represent the means ± SE of data obtained from 4 subjects within each study group. gree of cross-contamination of marker enzyme activities in the subfractions was generally not affected by obesity or diabetes. We were able to conclude that major changes in subfractionation could not explain altered concentrations ofGLUT 4 transporters in these subgroups.
Discussion
Insulin resistance is a major metabolic characteristic in NIDDM and obesity, and involves decreased activity of the glucose transport system in insulin target tissue (1-6, 9, 10) . In the current studies, we have examined molecular mechanisms underlying insulin resistance in adipocytes. The data indicate that pretranslational suppression of the GLUT 4 glucose transporter isoform can account for a major portion ofcellular insulin resistance in both NIDDM and obesity. In obesity, we (10) and others (9) have previously demonstrated that maximally insulin-stimulated glucose transport rates are deceased in adipocytes, and that this was primarily due to depleted numbers of glucose transport proteins as measured using the cytochalasin B binding assay. The decrement in the maximal glucose transport rate was a consequence of fewer numbers of intracellular transporters available for insulin-mediated translocation to the cell surface. In fact, with progressive degrees of obesity and insulin resistance, the number of transporters in the intracellular pool was inversely correlated to adipocyte size (9, 10) . However, the cytochalasin B binding assay measures all membrane-associated proteins with the capacity for facilitative glucose transport and does not discriminate between individual species of glucose transporters. In the current study, we specifically examined the role of the GLUT 4 transporter isoform in insulin resistance since this species may mediate the major portion of insulin-stimulated glucose uptake (1 1, 19-21, 23, 27) . Our results indicate that overall transporter depletion in obesity can be explained by selective loss of the GLUT 4 transporter isoform. As a consequence of GLUT 4 depletion in LDM, fewer transporters are available for insulinmediated translocation. Thus, in maximally stimulated adipocytes, glucose transport rates across the plasma membrane, and the number of cytochalasin B binding sites (10) and GLUT 4 transporters in PM, are all decreased 20-30% when compared with lean controls. Therefore, impaired insulin responsiveness in human obesity can readily be attributed to depleted numbers of cellular GLUT 4 glucose transporters.
In our previous study (10) , more severe insulin resistance in adipocytes from NIDDM patients, over that attributable to obesity per se, was associated with a further decrease in the number of total glucose transporters (i.e., cytochalasin B binding sites). We have now specifically assessed insulin-responsive GLUT 4 glucose transporters and found that expression of this transporter isoform is correspondingly reduced in NIDDM. Since GLUT 4 is the predominant species of glucose transporter in human adipocytes (27), depleted numbers of GLUT 4 transporters can completely account for the overall reduction in cytochalasin B binding sites. It is important to emphasize that the decrease in GLUT 4 cannot be totally attributed to the effects of obesity since cellular levels were more profoundly reduced in the diabetic patients when compared with the equally obese nondiabetic control subgroup. Also, cellular depletion of GLUT 4 involved both the PM and LDM compartments in NIDDM unlike obesity where only the intracellular pool of GLUT 4 was reduced (in basal cells). In maximally stimulated cells, glucose transport rates in NIDDM were de-creased by 56%, cytochalasin B binding sites by 50% in PM (10) , and PM GLUT 4 transporters by 87% compared with lean controls. The decrements in glucose transport activity and cytochalasin B binding sites may be less marked since these parameters reflect contributions from both GLUT 1 and GLUT 4; thus, the combined data suggest that the number ofGLUT 1 transporters may not be altered in NIDDM. The essential point is that profound depletion of GLUT 4, which was evident in both total membranes and in the PM subfraction, can explain the marked degree of cellular insulin resistance present in NIDDM patients.
In studies to determine the mechanism for GLUT 4 depletion, we found that the cellular content of these transporters in obesity was well correlated with the abundance of GLUT 4 mRNA over a wide range of body weight. This observation indicates that GLUT 4 mRNA expression is suppressed with increasing adiposity, and this event could regulate GLUT 4 transporter protein in adipocytes by limiting de novo synthesis. In NIDDM, more severe cellular depletion of GLUT 4 was coupled to a further reduction in the expression ofthe encoding mRNA, indicating that pretranslational events are also responsible for the additional loss ofGLUT 4. The cellular abundance of GLUT 4 mRNA, when normalized for the amount ofCHO-B mRNA (which encodes a structural protein), was not decreased in the obese subgroup compared with lean controls, but was diminished by 67% in NIDDM. Therefore, reduced expression of GLUT 4 mRNA is an intrinsic characteristic of the diabetic state. Our data in HDM further support the conclusion that diminished expression of GLUT 4 mRNA leads to depletion of the encoded protein in obesity and NIDDM since this fraction is enriched with endoplasmic reticulum (33, 35) , the organelle in which glucose transporters would be synthesized. Future experiments will be needed to determine whether suppression of GLUT 4 mRNA is due to decreased transcription rates for the GLUT 4 gene or to message instability. In any event, pretranslational depletion of GLUT 4 glucose transporters in adipocytes appears to be an important biochemical event which contributes to cellular insulin resistance in both NIDDM and obesity.
Cellular depletion of GLUT 4 would not necessarily lead to decreased glucose transport activity if it involved only the intracellular pool and spared transporters in the PM. For example, since a portion of GLUT 4 remain in LDM even after maximal stimulation, normal insulin-stimulated transport rates could still be maintained by more efficient translocation of transporters to the cell surface. Therefore, it was important to assess the cellular distribution of GLUT 4. Our data indicated that cellular depletion of GLUT 4 did involve PM, and this event could explain impaired activity of the insulin-responsive glucose transport system in both NIDDM and obesity. It was also apparent that insulin's ability to increase glucose transport rates (over basal) was greater than could be explained by the increment in GLUT 4 transporters appearing in PM (compare Fig. 1 with Fig. 8 A) in all subject groups. In the past, this discrepancy has been interpreted to mean that insulin activates glucose transport, not only by recruiting intracellular transporters to the PM, but also by enhancing the functional activity of PM transporters. This is a viable explanation since recent data have indicated that this dual mechanism of transport stimulation is operative in rat adipocytes (Karnieli, E., M. Armoni, T. P. Hueckstead, W. T. Garvey, and J. M. Olefsky, unpublished data). However, our data should be interpreted cautiously in this regard since other factors could explain the GLUT 4 Transporter Gene Expression in Non-Insuilin-dependent Diabetes Mellitus 1079 discrepancy between PM-associated transporters and transport rates in intact cells; for example, GLUT 4 transporters in intracellular vesicles could cofractionate with PM (and the 5'-nucleotidase enzyme marker) and yet not be exposed to the extracellular space. It is unlikely that the contribution of GLUT 1, which also translocates in response to insulin, could explain the discrepancy since GLUT 1 constitutes a minor portion oftotal cellular glucose transporters (27).
Several major metabolic defects have been identified that contribute to hyperglycemia in NIDDM including abnormalities in insulin secretion, elevated rates of hepatic glucose pro-, duction, and peripheral insulin resistance. Which of these abnormalities is primary and which are acquired in the progressive deterioration of glucose tolerance is currently unknown; however, several recent studies have shown that insulin resistance is the earliest defect identified as individuals progress to overt diabetes (49) (50) (51) (52) . In this context, it is interesting that adipocyte GLUT 4 mRNA levels were decreased in subjects with IGT to the same extent as in patients with overt NIDDM. The clinical syndrome of IGT is characterized by insulin resistance and supernormal circulating insulin concentrations, and is considered a prediabetic state since individuals develop NIDDM at a rate of 1-5% per year (28). Our results suggest that pretranslational suppression of GLUT 4 transporters could contribute to insulin resistance in IGT and thus, may constitute an early lesion in the development of diabetes. However, in order to be physiologically relevant, lower levels ofGLUT 4 mRNA would need to be accompanied by depleted numbers of the encoded protein, and we were only able to measure the cellular content ofGLUT 4 transporter protein in one individual with IGT (which was markedly reduced). Also, the biochemical defects that predominate to impair cellular insulin action in this syndrome have not been fully elucidated. Therefore, more studies in greater numbers of patients are needed to test this hypothesis.
While the current studies pertain exclusively to adipose tissue, the full expression of insulin resistance in NIDDM would necessarily involve biochemical defects in skeletal muscle, which is the most important tissue for insulin-mediated glucose uptake in vivo. Recently, discrepant data have been reported for GLUT 4 expression in skeletal muscle. Pedersen et al. (53) carefully studied vastus lateralis muscle biopsy specimens and found that levels of GLUT 4 mRNA and protein were similar in lean, obese, and NIDDM subgroups. However, in rectus abdominus muscle obtained during elective surgery, Elton et al. (54) reported that NIDDM led to suppression of GLUT 4 mRNA compared with lean and obese controls and that GLUT 4 transporter protein was equally decreased in obese and NIDDM patients relative to lean controls. These combined observations suggest that GLUT 4 may be regulated differently in specific muscle groups or in red vs. white muscle fibers. These issues will need to be examined in detail to understand the full expression of insulin resistance in NIDDM patients. However, our studies in adipose tissue are important in themselves for several reasons. Since adipose tissue accounts for 5-20% of in vivo glucose uptake (55) , defects in the adipocyte glucose transport system could account for a similar proportion of overall in vivo insulin resistance (assuming that GLUT 4 depletion in subcutaneous adipocytes is representative of other anatomical fat depots). Given our observations in subjects with impaired glucose tolerance, insulin resistance in adipose tissue could constitute an initial lesion in the evolution of NIDDM independent of any abnormalities in muscle, which, via a cascade of events, subsequently leads to the full complement ofmetabolic abnormalities. For example, one possible scenario, based on a combination of observations in vivo and in cultured cells (56) , is that insulin resistance in adipose tissue leads to compensatory hyperinsulinemia and postprandial hyperglycemia, which further impairs insulin action and initiates a vicious cycle involving induction/exacerbation of insulin resistance in multiple tissues, secretory exhaustion of pancreatic fi cells, and hyperglycemia. These ideas are, of course, conjectural but illustrate the potential importance of the current results in the context of testable hypotheses.
In summary, pretranslational events specifically suppress gene expression of the GLUT 4 glucose transporter isoform in adipocytes, and this process appears to be a key mechanism of cellular insulin resistance in NIDDM and obesity. In obesity, insulin's reduced ability to stimulate glucose transport is associated with depleted numbers of intracellular GLUT 4 glucose transporters, and the cellular content of these carriers is well correlated with the level of GLUT 4 mRNA over a wide range of body weight. In NIDDM, a greater degree of insulin resistance is due to a more marked suppression of GLUT 4 transporter mRNA and protein than is attributable to obesity per se. Suppression of GLUT 4 mRNA is also observed in adipocytes from subjects with IGT and could constitute an early lesion in the progressive pathogenesis towards overt diabetes.
